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Perennial	 ryegrass	 (Lolium perenne	 L.)	 is	 the	 forage	 species	 most	
widely	 used	 in	 temperate	 pastures	 (Wilkins	 &	 Humphreys,	 2003)	
as	 it	 grows	well	 in	 a	wide	 range	 of	 soil	 fertility	 situations,	 is	 easy	
to	 establish	 and	 manage	 (Charlton	 &	 Stewart,	 1999),	 with	 high	
forage	 yields,	 digestibility	 and	 adaptation	 to	 a	 range	 of	 practices	
(McDonagh,	O'Donovan,	McEvoy,	 &	Gilliland,	 2016).	 However,	 its	
growth	rate	and	nutritional	components	vary	greatly	seasonally	and	
with	regrowth	time,	nitrogen	 (N)	 fertilization	rate,	ploidy	 level	and	
cultivars.	 It	 has	 been	 widely	 stated	 that	 the	 longer	 the	 regrowth	
period,	 i.e.,	 the	 greater	 the	number	of	 leaves	per	 tiller	 (Fulkerson,	
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during	 winter	 and	minimum	 values	 during	 early	 spring	 (Pollock	 &	
Jones,	1979).	These	variations	in	nutritive	components	throughout	
the	year	 lead	to	an	 imbalance	between	readily	available	energy,	 in	
the	form	of	WSC,	and	nitrogen	in	the	rumen.
In	relation	to	cultivar	differences,	in	the	last	few	decades,	some	
UK	 and	 European	 grass	 breeding	 programmes	 have	 focused	 on	
increasing	 average	 WSC,	 developing	 “high	 sugar	 grasses”	 (HSG;	
Humphreys,	 1989).	 The	 final	 objective	 pursued	was	 driven	by	 im-




excess	 and	 subsequently	 improve	 ruminal	nitrogen	utilization	 (Lee	
et	al.,	 2003).	 This	would	 lead	 to	 a	 greater	 nitrogen	 use	 efficiency	
(NUE),	 reducing	N	excreted	through	urea	and	 improve	animal	per-
formance	(Edwards,	Parsons,	Rasmussen,	&	Bryant,	2007).	A	recent	
review	 has	 summarized	 the	 potential	 of	WSC	 levels	 in	 pasture	 in	
relation	 to	 animal	 production	 (Lee,	 Rivero,	 &	 Cone,	 2018).	 Lower	





Nevertheless,	 the	extent	 and	consistency	of	expression	of	 the	
“high	sugar”	trait	have	been	related	with	the	environment	in	which	
the	HSG	has	been	tested.	This	trait	is	reported	to	be	expressed	con-
sistently	 in	HSG	 cultivars	 in	Northern	 Europe	 (Norway,	Denmark,	










local	HSG	cultivars	more	 adapted	 to	 their	 particular	 environment,	






in	 South	 America	 (Moscoso	 &	 Balocchi,	 2016).	 They	 investigated	









(North	and	South	 islands,	 from	34°40′S	 to	47°00′S)	 and	 southern	
Chile	(specifically	Los	Ríos	and	Los	Lagos	regions,	from	39°15′S	to	






HSG	 cultivar	 during	 critical	 seasons,	 i.e.,	 autumn	 and	 spring.	
Moreover,	with	the	aim	of	augmenting	differences	in	WSC	and	CP	


























tal	 area	 of	 744	m2	 (divided	 into	 three	 blocks	 of	 8	 plots	 each,	 and	
each	plot	was	31	m2).	In	each	block,	eight	treatments	were	allocated	
randomly.	 Treatments	 corresponded	 to	 a	 factorial	 combination	 of	




“2nHSNZ”);	 and	 a	 tetraploid	 HSG	 cultivar	 developed	 in	 Europe	

























12	months.	 The	 source	 of	N	 in	 the	 fertilizer	 used	was	 ammonium	
nitrate	(27%	N).
Subsequently,	 pasture	 sampling	was	 carried	out	 each	 time	 the	
plots	 averaged	 two	 or	 three	 leaves	 per	 tiller	 (depending	 on	 the	
management	 factor)	 and	 all	 plots	 of	 the	 same	management	 were	








to	be	sampled	were	 removed	with	a	 lawnmower	 (strip	of	83	cm	
width).	 At	 each	 sampling	 time,	 fresh	 grass	 pooled	 samples	 of	
approximately	150	g	per	plot	were	 taken,	using	hand	shear	 to	a	
simulated	grazing	height	of	5	cm.	 Sampling	was	 achieved,	 block	
by	block,	within	 a	 short	window	around	noon	 (Easton,	 Stewart,	
Lyons,	 Parris,	 &	 Charrier,	 2009;	 Parsons	 et	al.,	 2004)	 to	 avoid	
complications	 due	 to	 diurnal	 patterns	 of	WSC	metabolism,	 fro-
zen	 immediately	 in	 liquid	 N2	 on	 site	 to	 prevent	 WSC	 wastage	
post-	harvest,	stored	at	−20°C	until	freeze	dried	and	then	ground	
through	a	1	mm	sieve.
After	 sampling,	 the	 remaining	 area	of	 grass	 (after	 the	 edges	




mogenized	 to	 collect	 a	 subsample	 of	 approximately	 10%	of	 the	
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2.5 | Analytical procedures
The	herbage	collected	from	samplings	of	early	spring	(August	2014),	
spring	 (October	 2014),	 summer	 (January	 2015)	 and	 autumn	 (April	
2015)	was	analysed	for	WSC	(phenol–sulphuric	acid	assay;	DuBois,	




ganic	 matter	 on	 dry-	matter	 basis	 (DOMD;	 Tilley	 &	 Terry,	 1963).	
Metabolizable	 energy	 (ME)	 was	 calculated	 from	 DOMD	 using	





variance	 (ANOVA)	 for	 a	 completely	 randomized	block	design	with	
a	 factorial	 arrangement	of	 treatments.	These	analyses	allowed	 for	
comparison	of	cultivar	and	management	means	across	time	and	their	
interactions.	 The	 sampling	 times	 reported	 here	 were	 defined	 as	
early	spring	 (August	sampling),	 spring	 (October	sampling),	 summer	
(January	sampling)	and	autumn	(April	sampling).	The	model	used	for	
the	ANOVA	was	as	follows:
where	b	is	block	effect,	s	is	subject	effect,	α, β and π are manage-
ment,	 cultivar	 and	 date	 effects,	 respectively,	 followed	 by	 their	


























In	 autumn,	 4nHSEU	 cultivar	 had	 significantly	 greater	WSC	 con-





ticularly	 in	 the	 summer	when	 the	 difference	was	 84.1	g/kg	DM	
(Table	2).

































kg	DM)	 than	 the	 other	 seasons	which	 did	 not	 differ	 among	 each	
other	(average	12.74	MJ/kg	DM,	Figure	3c).
Concentration	 of	NDF	was	 the	 lowest	 in	 early	 spring	 and	 the	
















Concentration	 of	ADF	was	 lowest	 in	 early	 spring	 and	 highest	




spring,	 2nSt	 cultivar	 had	 the	 greatest	 ADF	 concentration	 (241	g/
kg	DM)	and	was	significantly	different	to	the	other	cultivars	which	
did	 not	 differ	 (average	 224	g/kg	 DM).	 During	 summer,	 2nSt	 and	














and	 NDF.	 No	 significant	 correlation	 was	 found	 between	ME	 and	
WSC	 concentrations.	 Concentration	 of	 NDF	was	 highly	 and	 posi-




4nHSEU	cultivar	 and	 from	−0.75	 to	−0.78	 for	 the	 remaining	culti-
vars.	However,	correlations	between	WSC	vs.	NDF,	CP	vs.	NDF	and	
WSC WSC:CP CP ME NDF ADF
Cultivar	(C) 0.088 0.183 0.002 0.046 <0.001 <0.001
Management	
(M)
<0.001 <0.001 <0.001 0.555 0.840 0.677
C	×	M 0.089 0.185 0.118 0.429 0.264 0.259
Time	(T) <0.001 <0.001 <0.001 0.018 <0.001 <0.001
T	×	C 0.036 0.287 0.806 0.541 0.035 0.002
T	×	M <0.001 <0.001 <0.001 0.758 <0.001 <0.001
T	×	C	×	M 0.843 0.933 0.819 0.526 0.622 0.136
df	correction	
factor





















































































































































































































































































































































































































































































































































































Early spring Spring Summer Autumn Early spring Spring Summer Autumn
NDF (g/kg DM) ADF (g/kg DM)
Cultivara
2n 335.5 394.2 390.6 385.3 199.2 240.5 216.2 221.2
4nSt 323.8 363.9 389.5 368.3 196.3 223.1 229.1 218.3
2nHSNZ 349.8 377.5 401.5 382.3 205.0 224.9 222.4 222.1




Unfavourable 306.0 369.2 396.3 354.9 183.6 225.9 220.4 208.6

























of	PRG	cultivars	 is	 expressed	under	 temperate	 climatic	 conditions	











4.1 | WSC and CP concentrations among cultivars
Even	 though	 the	 main	 factor	 cultivar	 did	 not	 affect	 WSC	 con-
centration,	 the	 4nHSEU	 surpassed	 the	 remaining	 cultivars	 on	
early	 spring	 and	 autumn.	 This	 response	 could	 be	 attributed	 to	
the	ploidy	 level	per	 se,	given	 that	Hume	et	al.	 (2010)	 found	 that	
tetraploid	cultivars	of	PRG	had	higher	WSC	concentrations	 than	
diploid	 cultivars.	 They	 found	 that	 even	 a	 tetraploid	 cultivar	 not	
specifically	 bred	 for	WSC	 content	 (AberTorch)	 had	 greater	WSC	
than	a	HSG	diploid	cultivar	(AberDart),	which	was	not	the	case	in	
the	 current	 study	where	2nHSNZ	 and	4nSt	 cultivars	 had	 similar	
WSC	concentrations	through	all	seasons.	However,	these	findings	
contrast	with	 the	pattern	observed	by	Robins	and	Lovatt	 (2016)	
and	 by	Gilliland	 et	al.	 (2002).	 In	 the	 former,	 diploid	 cultivars	 ex-
hibited	8.20	g/kg	DM	higher	WSC	than	the	tetraploid	cultivars	as	
an	 average	 of	 five	 to	 seven	 harvests,	while	 in	 the	 latter,	 no	 dif-
ferences	between	 cultivars	were	 found	 as	 a	mean	of	 eight	 cuts,	







to	WSC	 concentration	 in	 early	 spring	 and	 autumn	 could	 not	 be	
attributed	to	the	ploidy	level	or	the	heading	date.
The	other	HSG	tested	here	has	its	origin	in	a	cross	of	PG158	and	
AberDart	 (IP	 Australia,	 2014),	 a	HSG	 bred	 in	 the	UK	 by	 IGER	 (now	
IBERS,	 Aberystwyth	 University).	 Moreover,	 Expo	 (2nHSNZ)	 and	
AberDart	have	been	classified	as	genetically	similar	cultivars	given	that	
both	were	in	the	same	sub-	cluster,	and	in	turn	distant	to	the	European	
cultivars	 sub-	cluster	 (Pembleton	 et	al.,	 2016).	 Gilliland	 et	al.	 (2002)	
compared	WSC	 levels	of	12	different	PRG	varieties	under	simulated	
grazing	management	and	found	that	AberDart	had	the	greatest	WSC	
concentration	 (286	g/kg	DM)	while	 Calibra	 (4nHSEU	 cultivar)	 had	 a	
slightly	lower	concentration	(278	g/kg	DM),	with	both	higher	than	the	






the	maximum	 values	 in	 early	 spring	 and	 autumn,	 which	 is	 coinci-





4.2 | Potential G × E interaction effect
Regarding	 the	 expression	 of	 the	 HSG	 trait	 in	 different	 environ-
ments,	 the	2nHSNZ	cultivar	has	been	 tested	 in	 two	 sites	 in	New	
Zealand	 (Manawatu	–	milder	and	Canterbury	–	colder).	The	WSC	




















where	 the	 2nHSNZ	 and	 4nSt	 cultivars	 did	 not	 differ	 in	 WSC	 in	
any	season	and	CP	concentration	was	similar	between	both	culti-
vars	 (216	 and	 220	g/kg	DM,	 respectively).	Moreover,	 the	 lack	 of	
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difference	 in	WSC	to	CP	ratio	between	cultivars	groups	 (HSG	vs.	
standard)	 found	here	contrasts	with	 the	pattern	 found	by	Easton	
et	al.	(2009)	where	the	HSG	cultivars	(diploids	and	tetraploids)	av-
eraged	1.32	and	the	standard	cultivars	averaged	1.03.	Our	findings	













and	maximum	 temperatures	 are	 6.7	 and	13.5°C	 (Robins	&	 Lovatt,	
2016),	which	contrasts	with	the	temperatures	recorded	in	the	year	
of	 evaluation	 of	 the	 present	 study	 (8.4	 and	 17.5°C,	 respectively).	
However,	 changes	 in	mean	 temperature	 and	 interannual	 variation	
are	 expected	 to	 occur	 under	 a	 scenario	 of	 global	 warming	 (Boer,	
2009),	which	might	imply	that	the	weather	conditions	required	for	




ronomic	management	 in	 the	 first	 year	 after	 sowing.	 Even	 though	
it	 is	 important	 to	 confirm	 that	 the	 elevation	 of	 WSC	 concentra-
tion	of	HSG	does	not	occur	at	the	expense	of	DM	yield	 (Edwards,	
Parsons,	&	Rasmussen,	2007),	some	contrasting	results	have	been	




site	 interaction,	 i.e.,	G		×	 	E	 interaction.	However,	Bryant,	Parsons,	
Rasmussen,	and	Edwards	(2009)	found	no	difference	between	HSG	
















The	 lack	of	differences	 in	DM	production	 in	the	present	study	
between	HSG	and	standard	cultivars	could	be	either	due	to	the	ef-
fect	of	 the	particular	year	or	 site	of	evaluation,	where	 the	climate	










4.3 | Relative changes in nutrients concentration 
with increased WSC

































remaining	 seasons.	 Moreover,	 Roche	 et	al.	 (2009)	 found	 a	 similar	
pattern	through	the	seasons	between	WSC	and	ME,	which	was	not	
observed	in	this	study	and	no	clear	relationship	was	found	between	
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these	variables.	Besides,	these	slight	variations	in	ME	content	among	
cultivars	and	seasons	(<0.40	MJ/kg	DM)	are	not	expected	to	have	a	
biological	 impact.	On	 the	other	hand,	 the	positive	and	strong	cor-
relation	found	here	between	NDF	and	ADF	was	coincident	with	the	
value	reported	by	Roche	et	al.	(2009)	for	this	relationship	(r	=	0.87).	
In	 this	 study,	 the	 general	 trend	 showed	 that	 the	 increase	 in	WSC	






young and leafy grass.
According	to	Parsons,	Edwards,	et	al.	(2011),	increases	in	WSC	
are	 inevitably	associated	with	decreases	 in	all	other	components,	
by	 the	 simple	 principle	 of	 “dilution.”	 Removing	 this	 “dilution”	 ef-
fect,	Rasmussen	et	al.	 (2009)	 reveal	 that	 reductions	 in	 fibre	 con-
centration	when	WSC	increased	may	not	be	a	fundamental	change	
in	plant	structural	chemistry,	and	 in	several	circumstances,	an	 in-





















and	 0.57	 for	 pastures	 defoliated	 at	 2	 leaves	 per	 tiller	 and	 300	kg	
N	 ha−1	year−1	 and	 at	 3	 leaves	 per	 tiller	 and	 75	kg	 N	 ha−1	year−1, 














4.5 | Effect of pasture management
Given	 that	 appropriate	 time	 for	 regrowth	 is	 required	 to	 recover	
from	 defoliation	 and	 the	 accumulation	 of	 WSC	 reserves;	 WSC	
concentrations	 in	PRG	 increase	until	a	maximum	measured	at	 the	
3-	leaf	 stage	 (Loaiza,	 Balocchi,	 and	 Bertrand	 2017;	 Turner	 et	al.,	
2015),	and	management	alone	can	be	used	in	some	circumstances	
to	modify	diet	WSC	to	CP	ratio	 (Parsons,	Rowarth,	&	Rasmussen,	
2011).	 Favourable	 management	 (longer	 regrowth	 time	 and	 lower	
N	fertilizer	rate)	notably	increased	overall	WSC	and	decreased	CP,	
leading	to	an	improvement	in	the	WSC	to	CP	ratio,	compared	with	






Rasmussen	 et	al.	 (2009)	 proposed	 that	 there	 is	 an	 interplay	
between	 temperature	 and	 regrowth	 duration,	 exposing	 a	 possible	








than	 control	 cultivars.	 Similar	 maximum	 and	 minimum	 temperate	
was	recorded	in	this	study	for	autumn	sampling	(17.8°C/9.8°C),	and	
coincidently	 one	HSG	 cultivar,	 the	 tetraploid	 originated	 in	 Europe	
(4nHSEU),	 showed	 a	 greater	 value	 than	 the	 remaining	 cultivars.	
However,	 the	diploid	HSG	cultivar	bred	 in	New	Zealand	 (2nHSNZ)	
did	 not	 show	 a	 positive	 effect	 of	 the	 temperature	 regime	 on	 the	
WSC	concentration.
4.6 | Potential for improving animal performance 
through HSG cultivars





ing	WSC	concentration	and	WSC	 to	CP	 ratio),	 the	 tetraploid	HSG	
cultivar	 showed	 a	 high	WSC	 concentration	 in	 autumn	 (the	 other	
crucial	 season)	 averaging	 266	g/kg	 DM	 and	 representing	 55.1	g/
kg	DM	higher	than	the	remaining	cultivars.	The	aim	of	 IGER	when	










4.7 | Implications of our findings to the farming 
community and breeding industry
As	HSG	cultivars	have	not	shown	a	consistent	expression	of	the	“high	
sugar”	trait,	it	will	be	difficult	for	farmers	to	trust	in	that	expression	


























cultivar	and	management	could	 improve	 the	 ratio	 in	early	 spring	
(August)	 to	 reach	 the	 critical	 level	 of	 0.7–0.75.	 The	 agronomic	
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